The present invention provides modified multifunctional thiol-ene monomers wherein one or more thiols are reacted with a Michael addition reactive double bond compound. The present invention further discloses photocurable thiol-ene formulations comprising thiol-ene monomers including the modified multifunctional thiols. The present invention further discloses photocurable thiol-ene formulations comprising thiol-ene monomers and Michael addition reactive double bond molecules and a Michael catalyst. The formulations of the present invention can be photocured to make films or coatings. In a further disclosure, the formulations, including those comprised of unmodified multifunctional thiols and multifunctional enes, are photocured to form films applied to non-flexible or flexible polymer or non-polymer substrates Suitable for food packaging, electronic products, optical products and other applications and free-standing films. The present invention further discloses photocurable thiol-ene formulations comprising thiol-ene monomers and Michael addition reactive double bond molecules and a Michael cata lyst. These formulations are disclosed to form free-standing films and coatings on Substrates when applied to flexible substrates. Such materials are suitable for use in the packag ing of food products and other products which are to be maintained in a hermetically sealed relationship to the atmo sphere.
0002 One of the primary applications of plastics materials is food packaging where permeability to gasses such as oxy gen is not desired. Oxygen and water are well know chemical reagents for reactions with food and other sensitive Sub strates. This severely reduces the packed materials service life. Polymer material ranging from polyesters based upon monomers such as terephthalic acid copolymerized with alkane diols to copolymers of ethylene and vinyl alcohol have been used as high oxygen (and other gas) barrier materials. Other polymers such as nylon, polyvinylidene dichloride, nylon and copolymers of maleic anhydride and acrylic acid also function as polymeric gas barrier materials. Uses of gas barrier films include packaging of food and liquids, electron ics, pharmaceuticals, and chemicals. In general polymeric packaging materials are fabricated by processing polymeric materials into sheets or thin films, laminated of multiple pre-formed thin polymer films, injection molding, blow molding, compression molding, and other processes which require elevating preformed polymers to high temperatures followed by a cooling or series of cooling cycles. Alterna tively, thermally cured coatings with barrier properties may be used to coat low barrier polymers. 0003 Traditional coatings or films used to improve gas barrier on applied Substrates involves long application and processing times often at high temperatures, thermoforming requiring expensive equipment, use of environmentally unfriendly solvents, and the problems caused by shrinking during the above processing steps. A Successful UV cured coating that significantly improves the barrier resistance of Substrate materials could reduce processing costs and pro cessing times.
SUMMARY OF THE INVENTION
0004. The present invention provides photocurable sys tems used to improve gas barriers on applied Substrates. The photocurable systems provide distinct advantages as opposed to traditional laminate and thermoforming systems because of the relative ease in application and rapid curing of the film in place as applied. The present invention has discovered that UV-cured thiol-ene films in a wide variety of formats and combinations provide excellent substrate barrier resistance hat will reduce processing costs and processing times not readily achievable by alternative coating systems currently used in the art of barrier films. Note that thiol-enes include single multifunctional thiols or combinations of mixtures of monofunctional and multifunctional thiols and multifunc tional enes or combinations of monofunctional enes and mul tifunctional enes the latter including carbon carbon double bond species and carbon-carbon triple bond species in the broadest sense. The thiol-ene networks are expected to be safe for food and other contact since they will be fully cured, or at least one of the functional groups on each multifunctional component will be incorporated into the final cured network, Oct. 8, 2009 and the thiol and ene components are generally considered to be relatively non-toxic chemical components. 0005. In one aspect, the present invention provides a modi fied or unmodified thiol for use in thiol-ene formulations comprising at least one multifunctional thiol and up to as many as ten or more multifunctional thiols of different struc tures wherein the thiol end groups are eventually photocured and reacted with an ene or a mixture of any number of ene compounds. In the modified thiol, double bonded carbons capable of undergoing Michael addition reactions hereafter referred to as Michael addition reactive double bond species are reacted with at least one of the thiols by the Michael addition process. In the modified thiol, the multifunctional thiol used to synthesize the modified multifunctional thiol is preferably pentaerythritol tetra-(3-mercaptopropionate) (TetraThiol 1), ethoxylated pentaerythritol tetra-(3-mercapto propionate) (Tetra-Thiol1), trimethylpropane tri(3-mercapto propionate) (Tri Thioll), glycol 3-mercaptopropionate, poly propylene glycol 3-mercaptopropionate, ethoxylated trim ethylpropane tri(3-mercapto-propionate) (Tri Thiol2), ethoxylated glycol dimercaptoacetate, trimethylolpropane trimercaptoacetate, glycol di-(3-mercaptopropionate), 1,4-bis (3-mercaptobutylyloxy)butane, pentaerithrytol tet rakis (3-mercaptobutylate), or 1,3,5-Tris(3-melcaptobuty loxethyl)-1,3,5-triazine-2,4,6(1H.3H,5H)-trione.
Other related thiols are also envisioned as well as including second ary thiols and other multifunctional thiols synthesized by other methodologies. In another aspect, the modified thiol is used in a photopolymerizable thiol-ene formulation contain ing a photoinitiator where the ene compounds include mono functional and multifunctional single enes or mixtures of enes Such that the average functionality of the mixture is 2 or more functional groups taken from any ene or set of enes including but not limited to norbornenes, vinyl ethers, vinyl esters, N-Vinyl amides, allyl ethers, allyltriazines, allylisocyanu rates, alkenes, C. B-unsaturated esters, N-Substituted maleim ides, acrylonitriles, styrenes, conjugated and non-conjugated dienes, fumaronitrile, acrylamide, (meth)acrylates (mono (meth)acrylates, (meth)acrylates, acrylamides, acetonitrile, fumaramides, maleamides, (meth)acrylic acid, maleic anhy dride, or alkynes herein defined as a double ene with two enes on the same two carbonatoms. The photopolymerizable net work typically will have the thiol and the ene monomers present in a 1:1 molar ratio, although it can beformulated and cured in a variety of different of stochiometric ratios ranging to give films which will show barrier properties. 0008. In one embodiment, the invention is directed to a modified tetrathiol comprising pentaerythritol tetrakis(3-mercaptopropionate) ("TetraThiol 1) modified by a Michael addition reactive double bond. For synthesis of the modified thiol, Michael reactive double bonded species with the gen eral structure ABC-CDE with preferable at least one of the substitutent groups ABDE being an electron withdrawing group such as COOR, -CONHR, -C1 or other halogen, -CtriplebondN, oran alcohol. R can be H, an alkyl group, or any group with electron withdrawing power Such as a halo gen, cyano, amide, carboxylic acid, carboxylic ester, or other species known by those skilled in the art. In another embodi ment, the invention is directed to a photopolymerizable thiol ene formulation comprising the modified tetrathiol and 1.3, 5-Triallyl-1,3,5-triazine-2,4,6(1H.3H,5H)-trione (TTT). In a further aspect, the photopolymerizable thiol-ene formulation is used to make a film. Such films find application as barrier materials particularly Suitable for use in the packaging of food products and other products which are to be maintained in a hermetically sealed relationship to the atmosphere.
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0009. In another embodiment, the invention is a photopo lymerizable thiol-ene formulation comprising: pentaerythri tol tetrakis(3-mercaptopropionate) combined with 1,3,5-tri allyl-1,3,5-triazine-2,4,6(1H.3H,5H)-trione (TTT) and either acrylonitrile, or other monomer units such as dichloroethyl ene, (meth)acrylic acid, fumaramide, maleamide, or other monomer with groups know to those skilled in the art to reduce oxygen transport. 0010. The films of the present invention can be used as a barrier material particularly Suitable for use in the packaging of food products and other products which are to be main tained in a hermetically sealed relationship to the atmosphere. The photocurable liquid thiol-ene formulations can be applied to a Substrate safe for packaging including polyeth yleneterephthalate, other polyesters, polyamides, and poly olefins such as polyethylene and polypropylene, and cured with UV light. The photocurable thiol-ene liquid may also be incorporated and cured to give a film to film adhesive layer joining polyolefins, polyamides, polyesters and the like.
DETAILED DESCRIPTION OF THE INVENTION
0011. One aspect of the invention provides modified mul tifunctional thiol. The modified thiol of the present invention features a thiol structure wherein at least one but not all of the thiol end groups are reacted with a Michael addition reactive double bond. In another aspect, a photopolymerizable formu lation involving a multifunctional thiol, an ene monomer or monomers, a photoinitiator, an amine or other Michael cata lyst and fumaronitrile is envisioned. Alternately other ene monomers can be used that will provide enhanced oxygen and other gas barrier properties Such as acrylonitrile, fumaramide, maleimide, acrylamide, hydroxyl alkyl acrylate, (meth) acrylic acid and other monomers know to practitioners skilled in the art. In another aspect, photocurable barrier films will be made from non-modified multifunctional thiol and multi functional ene formulations. The multifunctional thiols used in all embodiments are described in 0011. 0014. In addition to the multifunctional thiols (shown in Chart 1), others have been reported that may well be useful in a variety of applications. Wood et al., U.S. Pat. No. 5,459,175, incorporated herein by reference, reported synthesis of thiols via a process in which an excess of thiol was added to a dinorbornene by a free-radical chain process. In the presence of an azo thermal initiator which produces free-radicals, the thiol added to the dinorbornene to give a hexafunctional thiol referred to as HexaThiol. The synthesis of this hexafunctional thiol is particularly interesting since it provides a rationale for the general synthesis of highly functional thiols by a thermal free-radical chain process. For example, the tertafunctional thiol could be added to the tri-and tetrafunctional nor bornenes synthesized by Woods, Jacobine and coworkers to give nine and twelve functional thiols. And, this method is not limited to norbornenes, since it should be possible to also use multifunctional allyl ethers, vinyl ethers, and other multi functional monomers. This would provide for synthesis of an abundant number of multifunctional thiols with a wide vari ance in the chemical structure of the backbone separating the thiol groups. According to Woods and Jacobine, HexaThiol and similar multifunctional thiols can be mixed with virtually any multifunctionality monomer that it is miscible with in order to adjust the gel point of the polymerization process. The functionality of the thiol, while not being exactly 6.0 due to impurities, as discussed in the patent, is still close, and will therefore gel when photopolymerized with a given functional eneata much lowerfunctional group conversion. Such higher functional thiols might be expected to cure very rapidly in thiol-ene reactions while giving rise to Some unusual archi tectures. Also, since the choice of the ene to copolymerize with these new multifunctional thiols is essentially endless, it should be possible to tailor molecular composition offilms in a way heretofore unobtainable. 0017. In an embodiment, the invention is directed to a photopolymerizable formulation comprising the modified multifunctional thiol and an ene (such as for example 1.3.5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TTT)) mixed in a 1:1 molar ratio. In a further aspect, the photopo Oct. 8, 2009 1:1:1 molar ratio of thiol: TTT. fumaronitrile with a catalytic amount of an amine Michael addition catalyst. In a further aspect, the photopolymerizable formulation is used to make a film. This particular film has oxygen barrier properties rival ing those of the best polymers and exhibits unique character istics to function as an oxygen sensor. As the film is exposed to oxygen overtime the film changes color: going from a light yellow, to green, and then to opaque black. 0020. In one aspect, the present invention is directed to thiol-ene based formulated coatings and thermosets that can be applied in the liquid form to various substrates used in preparing food packaging products. Examples of Substrates that can be used in the invention include paper, wax, thermo plastic plastic thermosets or thermoplastics. The thiol-ene networks are expected to be safe for food contact since they will be fully cured, or at least one of the functional groups on each multifunctional component will be incorporated into the final cured network, and the thiol and ene components are generally considered to be relatively non-toxic chemical components. Application of the liquid formulation coating to the substrate is followed by a UV curing step that results in lowering the permeability of oxygen and other gases through the material, that is, a photocurable thiol-ene formulation based low permeable membrane protective film. The film may be applied by spraying, dip coating, roll coating, and other techniques widely recognized by those of skill in the art. The permeability of several types of materials currently used in the food packaging industry are given in Table 1 below. They are representative of films and materials typically used in the food packaging industry. Permeability values for several food packaging materials in cc.(STPcm in day atml Permeability lymerizable formulation is used to make a film on a non flexible sensitive substrate for electronic or optical applica tions or a flexible Substrate Suitable in food packaging applications such as polyethylene, polyethyleneterephtha late, or polypropylene. Such films find application as barrier materials particularly Suitable for use in the packaging of food products and electronic, optical or other products which are to be maintained in a hermetically sealed relationship to the atmosphere. 0018. In another embodiment, the invention is a photopo lymerizable formulation comprising a multifunctional thiol (e.g. pentaerythritol tetrakis(3-mercaptopropionate)) com bined with an ene monomer (such as 1,3,5-triallyl-1,3,5-tri azine-2,4,6(1H.3H,5H)-trione (TTT)) and a second ene (e.g. acrylonitrile). The components are added at a 1:1:2 molar ratio of thiol: TTT acrylonitrile. In a further aspect, the pho topolymerizable formulation is used to make a film or coat 1ng.
0019. In another embodiment, the invention is a photopo lymerizable formulation comprising pentaerythritol tetrakis (3-mercaptopropionate) combined with 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H.3H,5H)-trione and fumaronitrile added at a 0021. In one embodiment, the photocurable formulations of the present inventions are pre-cured to a point just prior to gelation before application. Precuring can be accomplished because the thiol-ene systems of the present invention cure by a step-growth polymerization mechanism. A distinct advan tage of this pre-curing is that it provides for shrinkage of the formulation while in the liquid state, thus limiting curing induced stress and shrinkage typical of other high Solids coatings systems. It also provides the same advantages over other alternative photocured resins, such as multifunctional acrylates, which are prone to significant shrinkage upon cur ing and hence problems with stress buildup and Substrate adhesion.
0022 Selection of particular photoinitiators and optimiza tion of the amount used can be easily achieved by one of skill in the art. In one preferred embodiment, alpha,alpha dimethoxy-alpha-phenylacetophenone, or DMAP, is used as the photoinitiator. In one embodiment, the photoinitiator is used at 1 wt %. The photoinitiator range can range from 0 (thiols are capable of initiating their own polymerization) to up to 10 wt %. Table 2 provides the permeability of oxygen and water vapor through photocured thiol-ene based network films, reporting permeability for oxygenas measured in cc.(STP) cm m° day' atm' and permeability for water vapor as mea sured in g cm mi day'. Permeability is the fundamental constant that determines the flux of gas through a membrane and is related to the product of the solubility and diffusion coefficient of a gas through a polymer J. Crank, The Math ematics of Diffusion, Oxford University Press, London, pp. 44-46 (1975) where the solubility of the gas is the ratio of the gas concentration in the film and the pressure of the gas in direct contact with the film and the diffusion coefficient is the ratio of mass transfer of the gas molecules per unit area to the concentration gradient. Final film thicknesses ranged from 60 to 90 microns and were normalized at room temperature in air for a minimum of three days before testing.
*Obtained using 5 cm testing area and 9 mil drawdown bar. *Obtained using 50 cm area and 20 mil drawdown bar. Also note this value is instrumentation limited. St.
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quickly stirred, and then drawn down onto a glass plate and 1 wt % diethylamine is then added to the mixture, cured using 10 passes at 10 ft/min feed speed under a Fusion UV curing line system with a D bulb (400 W/cm2). Note that as soon as the diethylamine is added to the mixture, the color turns yellow, Viscosity increases, and heat is generated. Also note that this recipe produces a yellow film (unlike each other recipe which produces an optically clear film). that the total concentration of the fumaronitrile is equal to that needed to achieve functionalization of one of the thiol groups out of the four thiols in each TetraThioll molecule. When a photoinitiator is added to the resulting modified thiol-ene the resulting photopolymerizable formulation is photocured to give a film of high oxygen barrier property. 0039 TetraThiol1+Fumaronitrile+TTT Recipe (mixture): Pentaerythritol tetrakis(3-mercaptopropionate) ("TetraThiol 1") is combined with 1,3,5-Triallyl-1,3,5-triaz ine-2,4,6(1H,3H,5H)-trione ("TTT) at a 1:1 molar ratio (4:3 functional group ratio). 1 wt % photoinitiator (Alpha,alpha dimethoxy-alpha-phenylacetophenone, aka "DMAP aka "Irgacure 651) is added to the mixture along with 1 mol 0041. The end product is a network with high connective density formed by sulfides formed by addition of thiols across the carbon-carbon double bonds, i.e., enes. In addition reacted fumaronitrile groups are linked in a chain or nonchain fashion and incorporated into the network either covalently or alternatively by physical trapping Prophetic Example 5
Acrylonitrile Polymerization with Multifunctional Acrylate 0042. In this prophetic example, films will be generated by mixing acrylonitrile, TTT and other multifunctional enes that copolymerize with acrylonitrile to lock in acrylonitrile groups into the matrix and thereby enhance the performance and prohibit any migration of unreacted groups. 0043. The final network will include all enes and acryloni trile locked into the network matrix chemically either via carbon-carbon single bonds or Sulfides.
A modified thiol monomer comprising:
a multifunctional thiol wherein at least one but not all of the thiol end groups are reacted with a double bond com pound.
2. The modified thiol monomer of claim 1 wherein the double bond compound has the general structure ABC-CDE with at least one of the substitutent groups A, B, D, or E being an electron withdrawing group.
3. The modified thiol monomer of claim 2, wherein the electron withdrawing group is COOR, CONHR, -C1 or other halogen, -CtriplebondN, or an alcohol, and wherein R is an alkyl group having one to twelve carbon atoms. 4 . The modified thiol monomer of claim 1, wherein the double bond compound is acrylonitrile, acrylamide, hydroxy ethylacrylate, dichloroethylene, fumaramide, maleamide, or dicyanoethylene.
5. The modified thiol monomer of claim 1 wherein the multifunctional thiol is pentaerythritol tetra-(3-mercaptopro pionate) (TetraThiol 1), ethoxylated pentaerythritol tetra-(3-mercaptopropionate) (TetraThiol2), trimethylpropane tri(3-mercapto-propionate) (TriThiol1), glycol 3-mercaptopropionate, poly propylene glycol 3-mercapto propionate, ethoxylated trimethylpropane tri(3-mercapto propionate) (Tri Thiol2), ethoxylated glycol dimercaptoac etate, trimethylolpropane trimercaptoacetate, glycol di-(3-mercaptopropionate), 1,4-bis (3-mercaptobutylyloxy) butane, pentaerithrytol tetrakis (3-mercaptobutylate), tris(2-(3-mercaptopropionyloxy)ethylisocyanurate (Trithiol3), or 1,3,5-Tris(3-melcaptobutyloxethyl)-1,3,5-triazine-2,4,6(1H, 3H,5H)-trione. 6. A photopolymerizable formulation comprising:
a modified thiol monomer of claim 1, one or more -ene monomers, wherein at least one of the -ene monomers has an average functionality of 2 or greater, and option ally a photoinitiator. 7. The photopolymerizable formulation of claim 6 the -ene monomer having a functionality of 2 or greater is norbornene, vinyl ether, vinyl ester, N-vinyl amide, allyl ether, allyltriaz ine, allylisocyanurate, alkene, acrylamide, unsaturated ester, N-substituted maleimide, (meth)acrylate, or a substituted -yne.
8. The photopolymerizable formulation of claim 6 wherein the -ene monomer is 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H, 3H,5H)-trione (TTT).
9. The photopolymerizable formulation of claim 6 wherein the -ene monomer further includes styrene, acrylamide, acry lonitrile, fumaronitrile, unsaturated esters, dichloroethylene, (meth)acrylic acid, hydroxyethylacrylate, norbornene, vinyl ether, vinyl ester, N-vinyl amide, allyl ether, allyltriazine, allylisocyanurate, alkene, acrylamide, N-Substituted maleim ide, (meth)acrylate, or a Substituted -yne.
10. A film of the photopolymerizable formulation of claim 6. 11. A photopolymerizable formulation comprising:
a multifunctional thiol, a multifunctional -ene monomer, a monofunctional -ene monomer, and optionally a photo initiator.
